Notch is a transmembrane receptor that shares homology with proteins containing epidermal growth factor-like repeats and mediates the cell-cell interactions necessary for many cell fate decisions. In Drosophila, O-fucosyltransferase 1 catalyzes the O-fucosylation of these epidermal growth factor-like repeats. This O-fucose elongates, resulting in an O-linked tetrasaccharide that regulates the signaling activities of Notch. Fucosyltransferases utilize GDP-fucose, which is synthesized in the cytosol, but fucosylation occurs in the lumen of the endoplasmic reticulum (ER) and Golgi. Therefore, GDP-fucose uptake into the ER and Golgi is essential for fucosylation. However, although GDP-fucose biosynthesis is well understood, the mechanisms and intracellular routes of GDP-fucose transportation remain unclear. Our previous study on the Drosophila Golgi GDP-fucose transporter (Gfr), which specifically localizes to the Golgi, suggested that another GDP-fucose transporter(s) exists in Drosophila. Here, we identified Efr (ER GDP-fucose transporter), a GDP-fucose transporter that localizes specifically to the ER. Efr is a multifunctional nucleotide sugar transporter involved in the biosynthesis of heparan sulfate-glycosaminoglycan chains and the O-fucosylation of Notch. Comparison of the fucosylation defects in the N-glycans in Gfr and Efr mutants revealed that Gfr and Efr made distinct contributions to this modification; Gfr but not Efr was crucial for the fucosylation of N-glycans. We also found that Gfr and Efr function redundantly in the O-fucosylation of Notch, although they had different localizations and nucleotide sugar transportation specificities. These results indicate that two pathways for the nucleotide sugar supply, involving two nucleotide sugar transporters with distinct characteristics and distributions, contribute to the O-fucosylation of Notch.
Notch signaling is an evolutionarily conserved mechanism that regulates a broad spectrum of cell specification events through local cell-cell communication (1, 2) . Notch encodes a single-pass transmembrane receptor protein with 36 epidermal growth factor (EGF) 3 -like repeats in its extracellular domain. Some of these EGF-like repeats, which contain a consensus sequence, are modified by the O-linked tetrasaccharide Sia-␣2,3-Gal-␤1,4-GlcNAc-␤1,3-Fuc in mammals or the O-linked disaccharide GlcNAc-␤1,3-Fuc in Drosophila (3, 4) . In Drosophila, O-fucosyltransferase 1 catalyzes this O-linked fucosylation (5) . fringe (fng) encodes another glycosyltransferase, ␤1,3 N-acetylglucosaminyltransferase, which adds GlcNAc specifically to the O-linked fucose of Notch and modulates the binding between Notch and its ligands (3, 6) . The modulation of Notch activity through glycosylation by Fng family proteins is largely conserved between Drosophila and vertebrates (7) . In contrast, the monosaccharide O-fucose modification of Notch is proposed to have no specific function except to provide a fucose moiety for further modification by Fng in Drosophila (8, 9) .
Protein fucosylation requires GDP-fucose as a donor of fucose. Pathways for the synthesis of GDP-fucose are well understood (10, 11) . Because fucosyltransferases in the Golgi utilize GDP-fucose, which is synthesized in the cytosol, as a fucose donor, the uptake of GDP-fucose into the Golgi is thought to be a critical step for fucosylation events. The GDP-fucose transporter is a nucleotide sugar transporter, classified as belonging to solute carrier family 35 (SLC35) (12) . The transporter is predicted to span the Golgi membrane 10 times and couples the import of GDP-fucose into the Golgi lumen with the export of GMP into the cytoplasm; in the Golgi, GDP-fucose is used by specific fucosyltransferases to add fucose to a variety of glycoproteins and glycolipids. Recently, the gene responsible for congenital disorders of glycosylation (CDG) IIc was cloned by the complementation of cells derived from CDG IIc patients and was found to encode a GDP-fucose transporter, SLC35C1 (13, 14) . CDG IIc, also termed leukocyte adhesion deficiency type II (LADII), is a rare recessive syndrome characterized by growth and mental retar-dation and severe immunodeficiency with marked neutrophilia (15, 16) .
Our previous study demonstrated that the O-fucosylation of Notch in Drosophila has a partial requirement for the Drosophila ortholog of SLC35C1, designated as Gfr (Golgi GDP-fucose transporter) (17) . Furthermore, a mouse ortholog of SLC35C1 is required for mammalian Notch signaling in vitro (17) . Based on these results, it was suggested that a reduction in Notch signaling could contribute to the pathology of CDG IIc/LADII (17) . However, mutations of the SLC35C1 genes in Drosophila and mouse yielded much more subtle phenotypes than those expected from the disruption of fng and its homologous gene functions (17, 18) . These results suggested the existence of one or more additional GDP-fucose transporter genes in Drosophila and mammals. The identification of a novel GDP-fucose transporter and characterization of its function and intracellular distribution might help to elucidate the pathogenesis of CDG IIc/LADII. Here we describe a novel GDP-fucose transporter in Drosophila that localizes to the endoplasmic reticulum (ER) and participates in the O-fucosylation of Notch.
EXPERIMENTAL PROCEDURES
Drosophila Strains and Genetics-Flies were cultured in a standard medium at 25°C unless otherwise stated. Canton-S was the wild-type line. patched (ptc)-Gal4 and engrailed (en)-Gal4 were used as Gal4 drivers. Cyan fluorescent protein-endoplasmic reticulum (CFP-ER) (BD Biosciences) and a green fluorescent protein (GFP) variant with an ER retention signal (KDEL) were used as ER markers. UAS-fringe connection (frc)-N-Myc (a gift from S. Goto), UAS-Gfr-C-HA, and UAS-Gfr-CMyc were the UAS lines used (17) . The Gfr 1 and Gmd
H78
mutants were described previously (17, 19) . To generate Efr (ER GDP-fucose transporter) mutants, BG02156 (Bloomington Drosophila Stock Center, Indiana University, Bloomington, IN) was used as a starter P-element line. To excise the P-element, the p[⌬2-3] strain was used as a source of transposase. Mitotic clones were made in Efr 1 , FRT18A/Ubi-GFP, FRT18A;; MKRS, hs-flp/ϩ larvae by Flp-mediated mitotic recombination. Recombination was induced in second instar larvae by a 30-min heat shock at 37°C.
Construction of Plasmids-We amplified the Efr genome fragment from the presumed translation start codon to the stop codon (ϳ1.0 kb) by genomic PCR and used it as the Efr cDNA, because Efr has no introns in its open reading frame (FBgn0029849). For UAS-Efr-N-HA and UAS-Efr-N-Myc, the hemagglutinin (HA) sequence tag and Myc epitope, respectively, were added to the 5Ј-end of the Efr cDNA by PCR. For UAS-Efr ⌬KKVE -N-HA, the HA sequence tag was added to the 5Ј-end of the Efr cDNA as above, and the 3Ј-end of the Efr cDNA encoding its dilysine ER retention/retrieval signal (KKVE sequence) was deleted by PCR. pUAS-Efr-N-HA, pUAS-Efr-N-Myc, and pUAS-Efr ⌬KKVE -N-HA were introduced into the Drosophila genome using a P-element-mediated transformation.
Nucleotide Sugar Transport Assay-Efr cDNA, tagged at the C terminus with HA, was subcloned into the copper-inducible expression vector pYEX-BX and introduced into the Saccharomyces cerevisiae strain YPH500. The in vitro nucleotide sugar transport assay was performed as described previously (17, 20) .
Tissue Staining-Immunohistochemistry was performed according to standard protocols, except for the 3G10 antibody staining (see below) (21) . The primary antibodies used were mouse anti-Wingless (Wg) (4D4, Developmental Studies Hybridoma Bank; 1:250), mouse anti-120-kDa integral Golgi membrane protein (7H6D7C2, EMD Biosciences; 1:500), mouse anti-Myc (9E10, Developmental Studies Hybridoma Bank; 1:1,000), rat anti-HA (3F10, Roche Applied Science; 1:1,000), rabbit anti-phosphorylated (activated) form of Mother against dpp (p-Mad) (PS1; 1:20,000) (22) , and rabbit anti-GFP (MBL, 1:1,000). The secondary antibodies were Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen; 1:500), Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen; 1:500), cyanine 3-conjugated donkey anti-mouse IgG (Rockland; 1:500), cyanine 3-conjugated goat anti-rat IgG (Rockland; 1:500), cyanine 5-conjugated goat anti-rat IgG (Rockland, 1:500), and cyanine 5-conjugated donkey anti-rat IgG (Invitrogen; 1:500).
To detect HS-GAG chains, staining with the 3G10 antibody (Seikagaku, Tokyo, Japan) was performed as described previously (23) . Biotin-conjugated ALL (1 g/ml) (Seikagaku, Tokyo, Japan) and Streptavidin-conjugated Alexa 555 (Invitrogen, 1:500) were used for the Aleuria aurantia lectin (AAL) staining. All images were obtained by confocal microscopy (Pascal, Zeiss).
Western Blotting Analysis-For Western blotting analyses, a rat anti-HA antibody (3F10, Roche Applied Science; 1:500), a rabbit anti-horseradish peroxidase (HRP) antibody (Cappel; 1:12,500), an HRP-conjugated goat anti-rat antibody (KPL Europe; 1:2,000), an HRP-conjugated goat anti-rabbit antibody (1:2,000; Open Biosystems), and enhanced chemiluminescence reagents (GE Healthcare) were used.
RESULTS

Drosophila Efr Encodes Another GDP-fucose Transporter-
The Drosophila CG3774 gene has been identified as a putative ortholog of human SLC35B4, which encodes a UDP-GlcNAc/UDP-xylose transporter (24) . However, a Caenorhabditis elegans SLC35B4 homolog was reported to have some GDP-fucose transport activity (13, 14) . Thus, we first tested whether Drosophila CG3774 could transport GDP-fucose. We examined the biochemical activity of CG3774 for transporting various nucleotide sugars, using a yeast in vitro system (20) . Microsomes were prepared from transformants carrying vectors with and without a CG3774 cDNA insert, and their ability to transport nucleotide sugars was investigated (Fig. 1A) . We found that CG3774 transport of GDP-fucose, UDP-GlcNAc, and UDP-xylose was more than 1.5 times that of control samples, and CG3774 did not transport CMP-sialic acid, UDP-glucuronic acid, GDP-mannose, or UDP-glucose (Fig. 1A) . On the other hand, the transport of UDP-galactose and UDP-N-acetylgalactosamine was reduced by the expression of CG3774 (Fig. 1A) . This suppression could be explained by possible dimerization between CG3774 and endogenous nucleotide sugar transporters (25, 26) , which could lead to inhibition of the activity of the latter, as reported before in similar situations (26, 27) . Similarly, it is possible that the increase of GDP-fucose, UDP-GlcNAc, and UDP-xylose transport is due to the activation of endogenous nucleotide sugar transporters via this possible dimerization with CG3774. However, our genetic analyses below supported the idea that CG3774 indeed contributes to the transport of these nucleotide sugars in Drosophila.
The deduced Drosophila SLC35B4 protein is composed of 352 amino acids with 10 putative transmembrane domains and dilysine ER retention/retrieval signals (KKXX or KXKXX). As expected, therefore, we found that CG3774-N-HA co-localized with an ER marker, CFP-ER (Fig. 1 , B-D) but not with a generic Golgi marker, the Golgi 120-kDa protein, in wing disc cells ( Fig.  1 , E-G). CG3774 was predominantly localized to the ER; therefore, we called it Efr (for "ER GDP-fucose transporter"). To exclude the possibility that the localization of Efr to the ER is due to the mislocalization of this protein caused by its overexpression, we also examined the subcellular localization of an Efr derivative (Efr ⌬KKVE ), lacking its putative dilysine ER retention/ retrieval signal (KKVE). Under the same conditions, Efr ⌬KKVE failed to localize to the ER ( Fig. 1 , H-J) but was detected in the Golgi (Fig. 1 
, K-M). In addition, a Western blot analysis revealed that almost equal amounts of Efr and Efr
⌬KKVE proteins were produced from UAS-Efr-N-HA and UAS-Efr ⌬KKVE -N-HA-driven embryos, suggesting that the distinct subcellular localization of these proteins was not due to the difference in their expression level (Fig. 1N) .
These results confirm that Efr is an ER-resident protein, and its dilysine ER retention/retrieval signal localizes Efr to the ER. The localization of Efr did not overlap with that of a previously identified GDP-fucose transporter, Gfr, which specifically localizes to the Golgi (Fig. 1, O 
-Q).
HS-GAGs Synthesis Partly Requires Efr-Next, to understand the roles of Efr, we generated mutations of Efr in Drosophila. We used an approach involving imprecise excision of a P-element, a Drosophila transposon. Derivative strains that lost the P-element were established from BG02156, in which the P-element was inserted at the 5Ј-end of the Efr gene locus ( Fig. 2A) . 
UAS-Efr-N-HA and UAS-Efr
⌬KKVE -N-HA were driven by da-Gal4, and whole protein extracts were prepared from the embryos. These samples were analyzed by a Western blot using anti-HA antibody (HA). For an internal control, anti-␤-tublin antibody (tublin) was used. O-Q, subcellular localization of Myc-tagged Drosophila CG3774 (Efr-N-Myc) and Gfr-C-HA in the epithelium of third instar wing discs. UAS-Efr-N-Myc and UAS-Gfr-C-HA were driven by ptc-Gal4, and Efr (magenta in O and Q) and Gfr (green in P and Q) were detected by double staining with anti-Myc and anti-HA antibodies, respectively. Q is a merged image of O and P. Bar, 5 m.
The genomic lesions were identified by PCR and genomic sequence analyses, and we obtained three deletion lines, designated Efr 1 , Efr 2 , and Efr 3 ( Fig. 2A) . In Efr 1 , the second exon, second intron, and the 5Ј region of the third exon, which includes the predicted initiation codon, were deleted, suggesting that Efr 1 was a null allele of Efr ( Fig. 2A) . In Efr 2 , the first and second exons and the first and most of the second introns were deleted ( Fig. 2A) This is possibly due to maternally supplied Efr mRNA, which was detected by in situ hybridization (data not shown). Introduction of a genomic fragment of the Efr locus into the genome rescued this lethality (data not shown). In Efr 3 , the first exon was deleted ( Fig. 2A) . In the adult wings of the Efr 3 homozygotes and hemizygotes, a gap in the fifth longitudinal vein was observed (Fig. 2C) 3 , and a gap in the posterior cross-vein was also observed (Fig. 2D) . The phenotype of the Efr 3 homozygote was completely rescued by introducing a genomic fragment of the Efr locus, indicating that this phenotype was caused by the loss of Efr gene functions (Fig.  2E ). This phenotype is reminiscent of that of Dally hypomorphic mutants (28) . Dally encodes the core protein of Drosophila glypican, an HS-GAG proteoglycan (28) .
As demonstrated above, Efr transports UDP-GlcNAc and UDP-xylose, which are required for HS-GAG biosynthesis. In addition, the presence of the wing phenotype that is similar to that of Dally could be due to a defect in HS-GAG synthesis. Therefore, we examined the effect of the Efr mutation on the biosynthesis of HS-GAG chains. The wing discs of third instar larvae were stained with the monoclonal antibody 3G10, which recognizes an epitope produced by heparitinase I digestion of HS-GAG chains (29) . In the wild-type wing discs, uniform 3G10 antibody staining was detected (Fig. 2F) . However, in somatic clones of the Efr 2 mutant (marked by the lack of GFP in Fig. 2H ) induced by the FLP/FRT system, the 3G10 staining was slightly reduced (Fig. 2, G and H) . These results suggest that the biosynthesis of HS-GAGs partly requires an Efr function in Drosophila.
HS-GAGs play important roles in the functions of various morphogens, such as Dpp (Decapentaplegic), Hh (Hedgehog), and Wg (Wingless) (30, 31) . Thus, we investigated the functions of Efr in these morphogen-mediated signaling pathways. First, we detected the activation of Dpp signaling by antibody staining for p-Mad, a cytoplasmic signal transducer of Dpp signaling (32) . In the wild-type wing disc, the p-Mad level was high in the central region of the wing pouch, because dpp is expressed in a stripe of the anterior compartment along the anterior-posterior compartment boundary (Fig. 2I) . However, as shown in Fig. 2, J and K, the p-Mad level was decreased in the Efr mutant cells. This phenotype was similar to that of mutants for genes required for the synthesis of HS-GAGs, which play important roles in the functions of Dpp (23, 33, 34) . Therefore, these results suggest that Dpp signaling in the wing disc partly requires Efr function. In contrast, the mutation of Gfr does not affect HS-GAG synthesis or Dpp signaling (17) , indicating that Efr and Gfr have distinct activities, at least in part. We also examined the effect of the Efr mutant in Hh and Wg signaling; however, neither was affected in the Efr mutant (data not shown).
In Combination with Gfr, Efr Has an Essential Role in Notch Signaling-We previously reported that the O-fucosylation of Notch has a partial requirement for Gfr, suggesting that at least one other GDP-fucose transporter is present in Drosophila (17) . Given that Efr transported GDP-fucose in vitro, we speculated that Efr function might be involved in the O-fucosylation of Notch. In wild-type wing discs, Notch signaling is activated In the Efr 1 mutant, a ϳ1.2-kb genomic region that includes a predicted initiation codon, was deleted. In the Efr 2 mutant, a ϳ1.5-kb genomic region that includes the first and second exons was deleted. In the Efr 3 mutant, a ϳ0.5-kb genomic region that includes the first exon was deleted. BG02156 was the original P-element insertion line, and a triangle indicates the position of the P-element insertion site. and induces wg, a target gene of Notch signaling, along the dorsal-ventral compartment boundary in the late third instar (Fig. 3A) (35, 36) . wg induction depends on the modulation of Notch ligand binding by Fng, which adds GlcNAc to O-fucose on the EGF-like repeats of Notch (3, 6) . Therefore, the O-fucosylation of these EGF-like repeats is also essential for wg induction. As reported previously, in the wing disc of Gfr 1 (a null allele) homozygotes, the expression of wg was partially reduced at the non-permissive temperature (18°C) (Fig. 3B ), but this defect was not observed at the permissive temperature (25°C) (Fig. 3C) (17) . However, wg expression was not affected in Efr 1 or Efr 2 homozygous wing discs at either 18 or 25°C (Fig. 3D)  (data not shown) . Therefore, we next tested whether Efr and Gfr function redundantly as GDP-fucose transporters, by examining a double mutant of Efr and Gfr. In the double mutant wing discs of Efr 1 and Gfr 1 or Efr 2 and Gfr 1 , the Notch signaling-dependent wg expression was completely abolished at the dorsalventral boundary at 25°C (Fig. 3E) (data not shown) . This phenotype is similar to that of wing discs homozygous for Gmd (GDP-mannose-4,6-dehydratase), which is essential for GDPfucose synthesis in Drosophila (8, 19) , or homozygous for O-fucosyltransferase 1 (5, 37) .
If Efr acts as a GDP-fucose transporter, the overexpression of Efr should rescue the reduced Notch signaling activity in the wing disc of the Gfr homozygote at the non-permissive temperature (18°C). In the posterior compartment of wing discs homozygous for Gfr 1 , Efr was overexpressed by en-Gal4. This restored the expression of wg at 18°C in all cases examined (n ϭ 15) (Fig. 3, compare F and G with B) . On the other hand, the overexpression of frc, which encodes a transporter capable of transporting various UDP-sugars, including UDP-GlcNAc and UDP-xylose, but not GDP-fucose, failed to rescue this wg expression under the same conditions in all cases examined (n ϭ 15) (Fig. 3, H and I ). This result suggests that the incorporation of GDP-fucose, but not of UDP-GlcNAc or UDP-xylose, is responsible for the rescue of Notch signaling activity, although Efr also transports these other two nucleotide sugars, as described above. It was recently found that rumi, which encodes an O-glucose transferase, is essential for Notch signaling in Drosophila (38) . Rumi adds O-glucose to a subset of Notch EGF-like repeats, and two xylose moieties are further added to this O-glucose (38) . However, Efr and Gfr do not transport UDP-glucose (17) . Therefore, it is unlikely that the reduction of Notch signaling in the Gfr mutant is associated with a defect in the O-glucosylation. In addition, the xylose elongation is probably not involved in the rescue of Notch signaling by the overexpression of Efr in Gfr homozygotes either, because Frc, which transports UDPxylose in vitro, did not rescue the Notch signaling activity in the Gfr homozygote, as mentioned above. Consistent with this idea, in wing discs double homozygous for rumi 44 , a null mutation of rumi, and either Efr 1 or Gfr 1 , the expression of wg was not reduced further than in the Efr or Gfr homozygotes at 18°C (data not shown).
Gfr but Not Efr Plays a Major Role in the Fucosylation of N-Glycans-AAL
is defined as an L-fucose lectin that recognizes ␣-1,3-and ␣-1,6-linked fucose residues (39, 40) . In the wild-type wing discs of third instar larvae, AAL staining was ubiquitously detected (Fig. 4A) . However, as reported previously, in Gfr 1 homozygous wing discs, AAL staining was virtually abolished (Fig. 4B) (17) . In contrast, in the wing discs homozygous for Efr 1 or Efr 2 , this staining was not affected under the same conditions (Fig. 4C) (data not shown) . Furthermore, the reduced AAL staining in the Gfr 1 mutant wing discs was not restored by the overexpression of Efr driven by en-Gal4 (Fig. 4, D-F) (data not shown), although a similar overexpression of Gfr does restore the AAL staining in Gfr 1 mutant wing discs (17) . Therefore, unlike Gfr, Efr did not play a role in the fucose modifications of N-glycans.
We next confirmed the influence of the Efr and Gfr mutations on the fucose modifications of bulk proteins by a biochemical approach. 
Pathways for GDP-fucose Import into ER Lumen
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VOLUME 285 • NUMBER 6 • FEBRUARY 5, 2010 this double homozygote compared with the single homozygotes of either of these mutants under the same conditions. Based on these results, we concluded that Efr does not play a crucial role in the fucosylation of N-glycans. These results are consistent with a previous finding that the disruption of N-glycan fucosylations does not disrupt Notch signaling activity, further suggesting that these fucose modifications do not play a crucial role in Notch signaling (17) . On the other hand, in the lysate of the Gmd H78 mutant, in which GDP-fucose is not synthesized, the reactivity to the anti-HRP antibody was abolished (Fig. 4G , Gmd H78 lane). Thus, there is a weak, residual N-glycan fucosylation activity in the double homozygote of Efr 1 and Gfr
1
. This finding suggests the existence of a third GDP-fucose transporter in Drosophila.
Efr and Gfr Have Redundant Roles That Are Essential for the O-Fucosylation of Notch-
In contrast to the fucosylation of N-glycans, it is difficult to examine the level of protein O-fucosylation directly. Therefore, we used an indirect approach, involving the ectopic expression of fng, to determine whether Efr is required for the O-fucosylation of Notch. The regions expressing GFP indicate where fng is expressed under the control of ptc-Gal4. As reported previously, the ectopic expression of fng driven by ptc-GAL4 resulted in an ectopic induction of wg in a stripe posterior to the region ectopically expressing fng in the ventral compartment of the wild-type wing disc at the third instar (Fig. 5, A-C) (3, 6) . The functions of fng depend on the O-fucosylation of Notch; therefore, the absence of Notch O-fucosylation should prevent this ectopic wg induction by fng. We previously demonstrated that the ectopic expression of fng induces a normal level of wg expression in the wing discs of Gfr 1 homozygotes at the permissive temperature (25°C) (Fig. 5,  D-F) (17) . In the wing discs of Efr homozygotes, the ectopic induction of wg by fng overexpression was also not affected at 25°C (Fig. 5, G-I ). In contrast, in all wing discs isolated from double homozygotes of Efr 1 and Gfr 1 at the same stage and temperature (n ϭ 17), the ectopic expression of fng did not induce wg. This suggests that Notch O-fucosylation was absent in these wing discs (Fig. 5, J-L) . This phenotype was essentially the same as that induced by fng expression in the wing discs of Gmd H78 homozygotes under the same conditions (n ϭ 19) (Fig.  5, M-O) . Therefore, Efr and Gfr have redundant roles, which are essential for the O-fucosylation of Notch.
DISCUSSION
Nucleotide sugars are transported into the ER and Golgi, where they become donors of saccharides for the enzymatic reactions of various glycosyltransferases. The properties of several nucleotide sugar transporters, which transport overlapping species of nucleotide sugars, have been studied in detail. Many of these transporters are distributed in the ER and Golgi. The intracellular routes for the nucleotide sugar supplies are not well understood, and they are predicted to be very complex. In this study, we identified two pathways in Drosophila for transporting GDP-fucose into the ER, where the O-fucosylation of Notch occurs.
We identified Efr as a second GDP-fucose transporter in Drosophila and demonstrated that Gfr and Efr have redundant roles for the O-fucosylation of Notch. Despite the similar roles of Gfr and Efr in O-fucosylation, these two nucleotide sugar transporters have distinct biochemical and cell biological characteristics. First, the specificities of the transported nucleotide sugars are quite different between them. Efr transports a broader spectrum of nucleotide sugars than Gfr, including UDP-GlcNAc, UDP-xylose, and GDP-fucose. Thus, Efr simultaneously contributes to HS-GAG synthesis and the O-fucosylation of Notch. In contrast, Gfr transports GDP-fucose almost exclusively (17) . Therefore, in the Gfr homozygotes, HS-GAG synthesis was not affected, whereas the fucosylation of bulk protein N-glycans was mostly abolished. Second, the subcellular localizations of Efr and Gfr are different; they are specifically localized to the ER and Golgi, respectively. These results together with the previous finding that O-fucosylation occurs in the ER (42) indicate that GDP-fucose is supplied from two pathways, one in the ER and one in the Golgi, as shown schematically in Fig. 5P . This is the first example of such a dual system for supplying a nucleotide sugar to the ER for a specific glycosylation. In the first pathway, GDP-fucose is directly incorporated into the ER via Efr, although Efr is involved in the incorporation of various nucleotide sugars (Fig. 5P) . In the second pathway, GDP-fucose is incorporated into the Golgi via Gfr and transported into the ER, where the O-fucosylation of Notch takes place, possibly via retrograde vesicular trafficking from the Golgi to the ER (Fig. 5P) .
Recent studies have demonstrated that the substrate specificities of nucleotide sugar transporters are very difficult to predict based on their primary structure (25) . We generated a null mutant of Drosophila CG14971, an ortholog of mouse Slc35c2 whose primary structure is most closely related to Drosophila Gfr. However, our genetic analysis of this mutant did not provide any indication that it plays a role in fucose modifications (data not shown). On the other hand, although the sequence identity of Efr and Gfr is only 10%, both of these nucleotide sugar transporters transport GDP-fucose for the catalytic activity of O-fucosyltransferase 1. Thus, our results provide another example of the difficulty of predicting the substrate specificity of nucleotide sugar transporters. Our results also suggest that collaborative functions of nucleotide sugar transporters that belong to distantly related groups need to be considered to elucidate their redundant roles.
In the mouse, Slc35c1, the ortholog of Gfr, plays a crucial role in fucose modifications in vivo (18) . Thus, mice homozygous for a Slc35c1-null mutation show hypofucosylation of glycoproteins, the absence of selectin ligands, growth retardation, and postnatal defects in various organs (18, 43) . However, these defects are significantly less severe than those associated with the mutation of FX, which encodes an enzyme that converts GDP-mannose to GDP-fucose, although some of the defects overlap (44) . This observation suggests the presence of another GDP-fucose transporter in the mouse. This idea is also supported by the observation that the hypofucosylation in Slc35c1 mutant cells is restored by adding fucose, indicating the presence of a residual activity for GDP-fucose incorporation (18) . Furthermore, the oral administration of fucose is an effective therapy for the immunodeficiency of CDG IIc patients, which have mutations in their SLC35C1 locus (45, 46) . In cultured fibroblasts from a CDG IIc patient, fucosylation of N-glycans is significantly reduced, whereas O-fucosylation of Notch is not affected (47) . This result also suggests the presence of additional GDP-fucose transporters that provide a sufficient level of GDP-fucose for the O-fucosylation of Notch in the absence of SLC35C1 in human. The residual activities of GDP-fucose incorporation in the absence of SLC35C1 or its ortholog (Gfr) could be more predominant in human than Drosophila, because the O-fucosylation of Notch was affected in Drosophila GDP-mannose-4,6-dehydratase (Gmd) and GDP-4-keto-6-deoxymannose epimerase/reductase (FX) convert GDP-fucose from GDP-mannose in the cytoplasm (arrows at left). GDP-fucose is then transported into the ER or Golgi by two GDP-fucose transporters, Efr and Gfr, respectively. GDP-fucose is incorporated by Gfr into the Golgi, where it is used for the fucosylation of N-glycans. GDP-fucose that is incorporated into the Golgi by Gfr is also transported to the ER, possibly by retrograde vesicular transport. In the ER, where the O-fucosylation of Notch occurs, GDP-fucose is used as a donor of fucose for this modification of Notch. Bar, 100 m.
but not in human under this condition. However, this comparison is based on experiments involving very different systems, and there might be other explanations (17) . Taken together, these observations suggest that at least one other GDP-fucose transporter is also present in mammals. In this study, we revealed the nature of this redundancy in Drosophila, which could be important for understanding how a low level of GDPfucose transporting activity is maintained in CDG IIc patients.
